2-Methylhistidine (2MH) and 1,2,4-triazole-3-alanine (TRA) inhibited the growth of Serratia marcescens. These inhibitory effects were counteracted by L-histidine. Enzymatic studies showed that 2MH acts as a false feedback inhibitor and TRA acts as both a false feedback inhibitor and a repressor. Mutants resistant to each analog were isolated from a histidase-less mutant, because the wild-type strain possesses a potent histidase activity. 2MH-resistant mutants had a feedback-insensitive phosphoribosyltransferase, but they produced only small amounts of L-histidine. TRA-resistant mutants were divided into two types according to their histidine productivity. A mutant of one type produced about 8 mg of L-histidine per ml and had about a 10-fold increase in the enzyme levels of histidine biosynthesis. Moreover, this mutant had a partially feedback-insensitive phosphoribosyltransferase. A mutant of the second type produced only a small amount of L-histidine and had only derepressed enzyme levels. Accordingly, strains possessing the genetic alterations in both 2MH-and TRA-resistant mutants were constructed by PS20-mediated transduction. They had both feedbackinsensitive phosphoribosyltransferase and derepressed enzyme levels. The representative strain HT-2604 produced about 17 mg of L-histidine per ml.
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The production of histidine has been carried out mainly by extraction from protein hydrolysates. For the fermentative production of histidine, a two-step method, i.e., fermentative production of L-histidinol using a histidine auxotroph of Brevibacterium flavum and its microbial conversion into L-histidine, has been reported (20) . Recently a direct fermentation was described, using histidine analog-resistant mutants of Corynebacterium glutamicum (2, 3) and B. flavum (H. Kamijo, 0. Mihara, and K. Kubota, Abstr. Annu. Meet. Agric. Chem. Soc. Japan, Tokyo, p. 112, 1973) .
In bacteria, histidine is synthesized from adenosine 5'-triphosphate and 5-phosphoribosyl-1-pyrophosphate by nine histidine biosynthetic enzymes. This biosynthesis has been shown to be controlled by both feedback inhibition of phosphoribosyltransferase, the first enzyme in the biosynthetic pathway, and repression of all histidine biosynthetic enzymes (6, 12) . On the other hand, histidine has been known to be degraded by histidine decarboxylase or histidase in many bacteria (4) . Therefore, the intracellular histidine pool seems to be regulated by feedback control mechanisms and/or a degrading system, in addition to histidine permeation.
We have been studying the fermentative pro- (5, 32) , was not suitable for our purpose because of its poor growth.
In this report, we describe the isolation of histidine regulatory mutants of S. marcescens Sr4l and the construction of histidine producers, using a transductional procedure. The construc-tion of a urocanic acid producer of S. marcescens will be described in a separate paper (submitted for publication).
MATERIALS AND METHODS Bacterial strains. S. marcescens Sr4l (24) and its derivatives were used. Salmonella typhimurium SB2802 (hisG46 his01242), which is defective in phosphoribosyltransferase and contains the his01242 constitutive mutation, was a gift from B. N. Ames. Chemicals. L-Histidine hydrochloride, urocanic acid,,and L-histidinol phosphate, all A grade, were products of Calbiochem. L-Histidinol hydrochloride, 5-phosphoribosyl-1-pyrophosphate sodium salt, and 1,2,4-triazole-3-D,L-alanine (TRA) were purchased from Sigma Chemical Co. 3-Amino-1,2,4-triazole (AMT) was purchased from Tokyo Chemical Industry. 2-Methyl-D,L-histidine (2MH) dihydrochloride was chemically synthesized by us (26, 28) . All other chemicals were reagent grade.
Media. The complete medium was Difco nutrient broth. Soft agar used for the phage study was supplemented with 1 mM CaCl2 2H20. Minimal medium was that of Davis and Mingioli (10) Isolation of mutants. The isolation of histidaseless mutants from S. marcescens Sr41 was carried out by mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine followed by selection of small colonies on sodium succinate-L-histidine minimal medium plates supplemented with a small amount (0.0005%) of ammonium sulfate (27) . Presumptive histidase-less mutants were tested for the absence of histidase activity.
The isolation of mutants resistant to 2MH or TRA from histidase-less mutant Hd-16 was performed by using the following procedure. A heavy inoculum (108 cells) of strain Hd-16, which had been treated with Nmethyl-N'-nitro-N-nitrosoguanidine, was plated out on minimal medium containing 1 mM 2MH or TRA. In the case of 2MH, sorbitol was used as the carbon source in place of glucose. After 3 to 4 days of incubation at 30°C, large colonies appeared on each of the plates. These colonies were picked and screened for halo-producing activity by a cross-feeding test with a histidine auxotroph of S. marcescens. Several haloproducing colonies were purified and used for further study.
Phage and transduction. Phage PS20, which is a generalized transducing phage of S. marcescens Sr41, was kindly supplied by H. Matsumoto (24) . Phage lysates were prepared according to the method of Matsumoto et al. (24) . Transduction was performed as follows: 1 ml of culture broth of the recipient strain grown on nutrient broth (about 2 x 108 cells/ml) was mixed with 3 ml of phage lysate containing about 1010 plaque-forming units/ml, and the mixture was kept at 30°C for 30 min to allow for phage adsorption. After centrifugation, the cells were suspended in the original volume of saline. When the resistance of TRA was a selected marker, post-transductional cultivation was necessary. Therefore, 0.2 ml of the cell suspension was inoculated on a nutrient agar slant and cultivated for 18 h at 30°C. The culture was harvested, washed with saline, and resuspended in saline to a concentration of 5 x 108 cells/ml. One-tenth milliliter of the sample was spread on the selective plate containing minimal medium supplemented with 1 mM TRA and 5 mM AMT. The addition of AMT suppressed the appearance of spontaneous mutants with weak TRA resistance. After 3 to 4 days of incubation at 30°C, the large colonies that appeared were picked as the transductants.
Enzyme assays. The bacteria were cultured in 500-ml flasks containing 150 ml of minimal medium at 30°C, with reciprocal shaking (140 strokes/min, 8-cm stroke). The cells grown exponentially were harvested by centrifugation and washed twice with 0.05 M tris(hydroxymethyl)aminomethane-hydrochloride buffer (pH 7.5). The cells were suspended in the same buffer and disrupted with a sonic oscillator (Kubota model 200M, 9 kHz) for 5 min at <50C. The sonically treated preparation was centrifuged at 27,000 x g for 30 min at 0°C. The supernatant fluid was immediately used as cell-free extract for the enzyme assays, except for the phosphoribosyltransferase assay, in which the dialyzed cell-free extract was used.
The assays of histidine biosynthetic enzymes were based on the methods described by Martin et al. (23) . Phosphoribosyltransferase activity was assayed essentially according to the "coupled G-70 assay," which is dependent on a change in absorption at 290 nm when the enzyme is added to a solution of adenosine 5'-triphosphate and 5-phosphoribosyl-1-pyrophosphate.
An extract of S. typhimurium SB2802 was added to the assay mixture to pull the reaction to BBM III, N-(5'-phospho-D-1'-ribulosylformimino)-5-amino-1-(5"-phosphoribosyl)-4-imidazolecarboxamide, which has an extinction 2.5 times higher than that of phosphoribosyl-adenosine 5'-triphosphate. The histidinol phosphate phosphatase assay was based on the determination of inorganic phosphate released. Histidinol dehydrogenase was assayed by the coupled-dye system. Specific activities of these histidine biosynthetic enzymes were calculated as described by Martin et al. (23) (21) .
Cell-free extracts for the histidase assay were prepared as described above, except that tris(hydroxymethyl)aminomethane-hydrochloride buffer was replaced by 0.05 M potassium phosphate buffer (pH 7.4). Histidase was assayed according to the method of Magasanik et al. (22) . The specific activity is expressed in nanomoles of product formed per minute per milligram of protein.
Fermentation experiments. The medium used for the production of L-histidine contained 10% glucose, 2% urea, 0.1% K2HPO4, 0.02% MgSO4 7H20, (Fig. 1) . On the other hand, growth inhibition by TRA was very strong, and complete inhibition was observed at 1 mM (with respect to the L-isomer).
The inhibitory effect of 1 mM 2MH was completely prevented by 0.5 mM L-histidine, but the effect of 1 mM TRA was only partially prevented by this concentration of L-histidine (Fig. 2) . A concentration of L-histidline 20 times higher was necessary for complete reversal of the inhibition. bL-Histidine and 2MH were added at concentrations of 0.1 and 1 mM (with respect to the L-isomer),
respectively. c The inoculum was approximately 2 x 106 cells/ml of a 5-h culture of strain Sr4l grown on glucose-salts minimal medium, harvested, and diluted with saline. OD, Optical density. concentration of L-histidine (Fig. 3) . The activity of the enzyme was reduced by 50% in the presence of 0.1 mM L-histidine. 2MH and TRA also inhibited the enzyme, and 50% inhibition was observed at 2 mM 2MH or 5 mM TRA. If these analogs act as only false feedback inhibitors, the addition of each analog would cause a reduction in the intracellular level of L-histidine and would probably lead to derepression of histidine biosynthetic enzymes. To test this possibility, the effect of both analogs on the levels of histidine biosynthetic enzymes, histidinol phosphate phosphatase and histidinol dehydrogenase, was examined. The addition of 2MH to minimal medium increased the enzyme levels, but the addition of TRA decreased them, as did the addition of L-histidine (Table 2) . Since the action of TRA was not clear, an additional experiment was performed with AMT-mediated, derepressed cells. In this case, TRA clearly repressed the enzymes, as did Lhistidine. These results show that growth inhibition of S. marcescens by 2MH is due mainly to false feedback inhibition. Furthermore, the results also indicate that strong growth inhibition by TRA is due to both false feedback inhibition and repression.
Degradation of L-histidine and isolation of a histidase-less mutant. In addition to the release from regulatory mechanisms of biosynthesis, the lack of histidine-degrading activity was considered to be indispensable in an L-his-tidine producer. Therefore, L-histidine degradation by strain Sr4l was examined. Strain Sr4l utilized L-histidine as the sole source of carbon and/or nitrogen for growth (Table 3) . The strain rapidly degraded L-histidine added to the fermentative medium (Table 4) , and the accumulation of urocanic acid and L-glutamic acid was observed at an early stage of the cultivation. Moreover, histidase activity was detected in the cell-free extract (Table 5 ). These results indicate that histidase is involved in L-histidine degradation. Accordingly, the removal of histidase activity was considered to be necessary for the construction of an L-histidine producer.
In a histidase-less mutant, strain Hd-16, histidase activity was not detected in spite of the addition of either L-histidine or urocanic acid (Table 5 ). This strain could not utilize L-histidine as a source of carbon and/or nitrogen (Table 3) and did not degrade the amino acid in the fermentative medium (Table 4) . Apparently, strain Hd-16 completely lacked histidine-degrading activity, and it seemed to be a suitable parent strain for isolating histidine regulatory mutants.
Isolation and properties of mutants resistant to 2MH or TRA. Mutants resistant to 2MH or TRA were isolated from strain Hd-16, and they were tested for the ability to produce L-histidine. 2MH-resistant mutants represented by strain HdMHr581 produced only small amounts of L-histidine (Table 6 ). On the other hand, TRA-resistant mutants were divided into two types according to their histidine productivity. Strains HdTr23 and HdTr51 produced about 8 mg of L-histidine per ml, but strain HdTrl42 produced only a small amount of the amino acid.
To determine whether there were alterations in the regulation of histidine biosynthesis in these mutants, the levels of three enzymes involved in the pathway were examined (Table  6 ). Strain HdMHr581 had the same enzyme levels as strains Sr4l and Hd-16. On the other hand, TRA-resistant mutant strains HdTr23, HdTr5l, and HdTrl42 had considerably increased enzyme levels. Also, the sensitivity of phosphoribosyltransferase to L-histidine in these mutants was examined. Since the 2MH-resistant mutant HdMHr581 possessed a low level of the enzyme, its cell-free extract was prepared from AMT-mediated, derepressed cells. The enzyme in strain HdMHr581 was insensitive to 10 mM L-histidine. In strains HdTr23 and HdTr5l, the enzyme was not inhibited by 1 mM L-histidine but was inhibited weakly by 10 mM. On the other hand, in strain HdTr142 the enzyme was inhibited strongly by 1 mM L-histidine, as in the wild type. The results described above suggest that a mutation to 2MH resistance eliminates feedback inhibition and a mutation of TRA resistance eliminates feedback inhibition and/or repression. Moreover, the results indicate that the defect in both feedback inhibition and repression is essential for L-histidine production by S. marcescens.
Transductional crosses between analogresistant mutants and properties of the transductants. To obtain strains with higher histidine productivities than that of strain HdTr23 or HdTr51, a large number of TRAresistant mutants were isolated. However, no improved strains could be obtained. Therefore, we attempted to construct strains possessing genetic alterations in both the 2MH-and TRAresistant mutants, using PS20-mediated transduction.
Since TRA-resistant mutants showed a strong cross-resistance to 2MH, a 2MH-resistant mutant served as the recipient and phage lysates of TRA-resistant mutants served as donors in all transductions. Three kinds of crosses were performed with TRA resistance as the selected marker. Results of these crosses are presented in Table 7 . TRA-resistant colonies that appeared on the selective plates were picked as transductants and purified by single-colony isolation on the same medium as the selective plate.
The transductants obtained in the experiments of Table 7 were examined for their properties. Most transductants ofthe crosses HdTr23 x HdMHr581 and HdTrl42 x HdMHr581 (represented by strains HT-2253 and HT-2604, respectively) produced more than 12 mg of L-histidine per ml (Table 8 ). All had markedly increased enzyme levels of histidine biosynthesis and a phosphoribosyltransferase that was insensitive to L-histidine. On the other hand, all transductants ofthe cross HdTr51 x HdMHr581 (represented by strain HT-2429) produced about 8 mg of L-histidine per ml. Although they had (Table 8) . This difference may be due to the instability of the enzyme in the recipient HdMHr581 as a result of desensitization, since the difference was not as extreme when cell-free extracts were used without dialysis, and no such difference was observed in histidinol phosphate phosphatase and histidinol dehydrogenase. L-Histidine production. Investigations were made to improve the cultural conditions for Lhistidine production by strain HT-2604. As a result, a medium containing 7% glucose, 10% dextrin (Matsutani Chemical Co., Ltd., no. 3), 2% urea, 0.1% K2HPO4, 0.05% MgSO4-7H20, 0.7% corn steep liquor, and 3% CaCO3 was found to be most favorable for L-histidine production. Typical changes by strain HT-2604 are shown in Fig. 4 . L-Histidine production paralleled growth and reached a maximum production of 16.7 mg of L-histidine per ml at 96 h. As by- products, trace amounts of L-valine, L-leucine, and L-glutamic acid were detected.
DISCUSSION
As stated above, we succeeded in the construction of histidine producers by using transductional crosses between analog-resistant mutants of S. marcescens Sr4l.
In 2MH-resistant mutants of S. marcescens Sr4l, the first enzyme of the histidine biosynthesis was insensitive to feedback inhibition, but the levels of histidine biosynthetic enzymes were almost equal to that of the wild-type strain. This type of regulatory mutant was reported in 2-thiazole alanine-resistant mutants of S. typhimurium. In these S. typhimurium mutants, a defect in the first enzyme rendered it insensitive to inhibition by L-histidine, and the mutation was mapped in the hisG gene, the structural gene for the first enzyme (30) . From this fact, the mutation responsible for 2MH resistance in S. marcescens Sr4l is assumed to lie in the structural gene of the first enzyme.
On the other hand, genetic analysis of TRAresistant, derepressed mutants of S. typhimurium has revealed that the mutations are located in six different regions. One of the genes, hisO, is closely linked to the nine histidine structural genes and has the properties of an operatorpromoter region. None of the other five genes are linked to the histidine operon (6, 7, 12, 29) . TRA-resistant mutants of S. marcescens Sr41 were also found to be derepressed mutants. Among them, mutants possessing a partially feedback-insensitive first enzyme were found. A reasonable explanation for this type of mutant might be that it carries at least two separate regulatory mutations; presumably, one is located in the structural gene of the first enzyme and the other is located in a certain regulatory gene.
In our attempt to construct histidine producers, three kinds of crosses were performed between three TRA-resistant mutants (as donors) and a 2MH-resistant mutant (as recipient). TRA-resistant transductants of the crosses HdTr23 x HdMHr581 and HdTrl42 x HdMHr581 had genetic alterations in both the corresponding donor and recipient strains (Table 8). This suggests that in strains HdTr23 and HdTrl42, the mutation(s) causing derepression is unlinked to the structural gene of the first enzyme. On the other hand, as far as we could determine, all the transductants of the cross HdTr51 x HdMHr581 had only a genetic alteration of the donor strain. This indicates that in strain HdTr51 the mutation causing derepression may be very closely linked to the structural gene of the first enzyme. Therefore, this mutation in strain HdTr51 may be located in the histidine operon, presumably in the operatorpromoter region, assuming the arrangement of histidine genes in S. marcescens to be very similar to that in S. typhimurium. Thus, it seems likely that in S. marcescens Sr4l, more than two genes are responsible for the repression process of histidine biosynthesis as in S. typhimurium.
From the above considerations, we can conclude that the following reasons made it possible to construct the histidine producers: (i) the isolation of two kinds of regulatory mutants using two histidine analogs with different antagonistic actions, and (ii) the absence of linkage between these two regulatory mutations with PS20-mediated transduction.
Based on the results obtained in the present study, it is anticipated that histidine producers can be modified to urocanic acid producers by restoring histidase activity and removing urocanase activity. Such urocanic acid producers can be readily constructed by introducing histidine productivity of the histidine producers into a urocanase-less mutant by transduction. Moreover, the transductional procedure will facilitate the construction of various mutants of S. marcescens Sr4l, which would produce a variety of amino acids and other valuable metabolites (19; M. Kisumi, T. Takagi, and I. Chibata, Abstr. Symp. Amino Acid Nucleic Acid, 25th, Tokyo, Japan, p. [8] [9] 1976 ).
